observed, while stabilization occurred at larger cation concentrations. This is not expected for a simple competition between the enzyme and two ligands that individually protect the enzyme. A model that includes enzyme species with none, one or two K + and/or one molecule of ATP bound explain the experimental data. We concluded that despite both ligands stabilize the enzyme, the species with one K + and one ATP simultaneously bound is unstable.
INTRODUCTION
Na + ,K + -ATPase is an integral membrane protein that couples ATP hydrolysis to the active transport of three Na + ions out and two K + ions into the cell. 1 Similarly to other ATPases, enzyme activity requires the presence of Mg 2+ as the complex ATP.Mg is postulated to be the true substrate of the enzyme. 2, 3 The minimum functional unit is a heterodimer composed of a large catalytic α subunit (1016 residues) and a smaller β subunit (302 residues) with regulatory functions. 4, 5 The α subunit has three characteristic cytoplasmic domains -actuator (A), nucleotide-binding (N) and phosphorylation (P) domains-together with a transmembrane domain, formed by 10 helical segments, which includes the cation transport sites. [6] [7] [8] The working cycle of the enzyme includes: i) binding of ATP ii) formation and breakdown of a phosphoenzyme intermediary, iii) conformational changes between two main conformational states -the so called E 1 and E 2 conformers-and iv) occlusion/ deocclusion of Na + and K + ions. 9, 10 The E 1 conformer is the main enzyme specie in the presence of Na + , ATP or Mg 2+ whereas K + shifts the equilibrium towards E 2 . 11, 12 In the absence of ATP, Na + and Mg 2+ , two K + ions are occluded in the E 2 conformer (E 2 (K 2 )). 9, 10, [13] [14] [15] When ATP is present, deocclusion of K + is accelerated, leading to E 1 .ATP. Biochemical and biophysical evidences support the idea that the structure of the enzyme in E 2 (K 2 ) is rather different from that in E 1 . 6, [16] [17] [18] [19] [20] [21] Thermal inactivation has been used as a tool to study protein interactions and domain structure of the Na + ,K + -ATPase and other related ATPases. [22] [23] [24] [25] [26] Additionally, some studies have described the influence of natural ligands of the enzyme on its thermal inactivation. 27,28 Our previous results showed that K + or Rb + stabilize the enzyme, while Na + produce a decrease in the Na + ,K + -ATPase stability. 29 Both effects are exerted by specific binding of these cations to the pump 4 independently of the ionic strength effect. Also, we provided strong evidence that Rb + (or K + )
stabilizing effect is due to the occlusion of these cations into the enzyme.
In this work, we will characterize the effect of ATP and Mg 2+ by evaluating functional and structural properties of the protein. Further analysis according to the Transition State Theory will be performed in order to obtain the thermodynamic activation parameters for the inactivation process in the absence or presence of the ligands. In addition, the combined effect of ATP and K + will also be characterized, proposing a minimal model to explain their interactions.
MATERIALS AND METHODS
Enzyme. w/v ascorbic acid in 0.5 N HCl at approximately 4 °C) stopping the enzymatic reaction. The resulting mixture was incubated in an ice-water bath for 20 minutes, after which 500 µL of reagent B (composed by 2% w/v sodium citrate, 2% w/v sodium arsenite and 2% v/v acetic acid)
were added and the tubes were incubated at 37 °C for 20 minutes. Finally, after approximately 30 minutes at room temperature absorbance at 850 nm was recorded.
Fluorescence Measurements. Steady state fluorescence measurements were performed using a Jasco FP-6500 spectrofluorometer with a 3 mm quartz cuvette thermostated at 25 °C. Emission spectra of Na + ,K + -ATPase (30µg/ml, abs 280nm = 0.170) were recorded between 305 and 450 nm after excitation at 295 nm in the same media used in the inactivation procedure. Both excitation and emission bandwidths were set at 3 nm. The spectra were corrected for background emission (without enzyme). Eosin-Y fluorescence was measured after mixing the protein with the probe to a final concentration of 0.23 µM (abs 517nm = 0.044) except when indicated. Emission spectra were 6 recorded between 530 and 640 nm after excitation at 520 nm. Total intensity (I t ) was calculated as the sum of fluorescence intensities recorded at each wavelength.
Transition State Theory Analysis. In a viscous solvent, the variation of the inactivation rate coefficient with temperature can be described by Kramers model, [34] [35] [36] [37] [38] [39] as follows:
where ν represents the k value at the reference temperature for a barrierless process, η is the medium viscosity either at the reference temperature (η 0 ) or at the preincubation temperature (η T ), and ∆G ‡ is the activation free energy. We employed a reference temperature of 329 K (56ºC) and ν was fixed at 10 6 s -1 , which is considered a reasonable consensus value. 40 Model Selection. In order to evaluate the goodness of fit of a given equation to the experimental results and to choose among different models, we used the AIC C criterion which is defined as AIC C = N. ln (SS) + 2 N P/(N-P-1), with N = number of data, P = number of 7 parameters plus 1, and SS = sum of weighted square residual errors. 42 The best equation was considered that which gave the lower value of AIC.
RESULTS
The Whole Conformation of Na + ,K + -ATPase is Disrupted during Thermal Inactivation.
Thermal inactivation experiments were performed as detailed in material and methods, preincubating the enzyme for different time periods at 53.5 °C and then measuring Na + ,K + -ATPase activity ( Figure 1A ). Simultaneously, structural changes on the Na + ,K + -ATPase due to thermal inactivation were evaluated by measuring tryptophan fluorescence according to the previously described procedure ( Figure 1B) . 29 This technique is well known as a powerful tool to monitor changes in protein tertiary structure. 43 Additionally, ATP binding site integrity during thermal inactivation was evaluated by measuring eosin-Y binding ( Figure 1C ). This molecule is a fluorescence probe that binds noncovalently to the ATP binding site, competing with the nucleotide ( Figure S1 ). 44, 45 Fluorescence spectra were recorded after addition of eosin-Y to the enzyme preincubated for different time periods (Inset in Figure 1C ). As previously described, 29 enzyme activity and tryptophan fluorescence decay with preincubation time following a single exponential function of time at a given temperature (eq 4)
which is indicative of a one-step process. Furthermore, eosin-Y fluorescence decay can also be described by the same equation.
where M t is the measure performed at preincubation time (t), M 0 and M ∞ are the values of the measure at t = 0 or tending to infinity, respectively, and k is the thermal inactivation rate coefficient. Notice that, in the case of Na + ,K + -ATPase activity measurements, M ∞ was equal to zero since complete inactivation was observed at long preincubation time periods.
It is worth noting that the inactivation rate coefficients 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Table 1 . Dashed lines in Panels B and C are plots of eq 3 fitted to the data in Panel A.
Insets show the corresponding Arrhenius plots. For all ligands tested it can be seen that the activation free energy at a reference temperature slightly change as a result of large changes in both entropic and enthalpic components ( Thermal inactivation experiments were performed at 56.8 °C after the addition of different concentrations of both ATP (0 to 2.5 mM) and K + (0 to 10 mM) to the preincubation media. Table 3 . Panel I shows Table 3 .
In the absence of the nucleotide ( Figure 5A) is observed. Figure 6 shows a representative set of whole data shown in Figure S2 . In order to find a model able to describe the results of this section as a whole, we followed the procedure described by González-Lebrero et al.. 47 Briefly, it consists of finding the minimal where each species has its own inactivation rate coefficient and the inactivation process is in all cases irreversible.
Scheme 1. Model of the interaction of the Na + , K + -ATPase with K + and ATP and the thermal inactivation constants. 
where the N xx 's and D xx 's coefficients are defined in terms of Scheme 1 as shown in Table 2 .
Note that at a constant ATP concentration eq 7 becomes equivalent to eq 6, whose coefficients are hyperbolic functions of [ATP] (Table S1) was fixed to be 4.K K and k ieK =(k ie +k ieK2 )/2. (b) As the value of k ieATPK could not be obtained independently with enough precision, it was set to be equal to k ie . This equivalence is justified because both rate constant values were similar when the constraint was not applied in the fitting.
(c) Considering eq 6, when K + concentration tends to infinity, k tends to the ratio N 2 /D 2 . In this condition, the enzyme will be predominantly in the states with two K + occluded and either 21 without or with ATP bound (in absence or when [ATP] tends to infinity, respectively). Given that this ratio does not significantly vary with ATP concentration, there would be no difference between the inactivation rate constant of these species, and therefore the value of k ieATPK2 was fixed to that of k ieK2 . Table 3 shows the best fitting values of the constants from Scheme 1.
Notice that there is good agreement between the simulated values of the model-derived equation (eq 7) and the experimental data (continuous lines in Figure 5 and 6). 
The constants marked (*) were calculated assuming the constrained model described in the text, in which K K2 =4 K K , k ieK =(k ie +k ieK2 )/2, k ieATPK =k ie and k ieATPK2 =k ieK2. . The values of K ATPK # and K K2ATP # were calculated as K K .K KATP /K ATP and K KATP .K ATPK2 /K K2 respectively, using the thermodynamic equivalence of pathways, and propagating the error of the estimation of the fitted constants.
Some interesting consequences emerge from this analysis:
a) The equilibrium constants for the dissociation of ATP from the enzyme highly increase as the enzyme progressively binds K + (i.e. K ATP < K KATP < K K2ATP ). Using the best fitting values of the equilibrium constants of Scheme 1 (Table 3) (cf. Figure S4A with Figure 5 ). Figure S4B ). This supports the idea that, in the conditions tested, E and EKATP are the less stable species of the enzyme.
DISCUSSION
In this work we describe the effects of ATP, Mg 2+ and K + on the thermal stability of the Na + , K + -ATPase. We observed that all structural and functional measurements vary along a single exponential function of time (eq 4). This simple behavior is indicative of a one-step process and appears to be common in P-ATPases, and another proteins, 48 even though it contrasts with the large size of the enzyme and its complex structural organization. 
It can be seen that k app vary with ligand concentration along a hyperbola from k ie (at [X]=0) to
where the K 0.5 of this function corresponds to the dissociation constant for the
Notice that this equation is equivalent to the empirical eq 5, whose coefficients k 0 and k ∞ can be reinterpreted as the inactivation rate constants of the free and fully bound enzyme (k ie and k ieX in Scheme 2, respectively). According to this model-derived equation the value of K x is 7.3 ± 0.7 µM for ATP (at 56.8 °C) and 0.15 ± 0.02 mM for Mg 2+ (at 58.5 °C). As expected, these values of K x are 15-20 folds higher than those obtained at 25 ºC, 0.55 µM for ATP and 7.8 µM for Mg 2+ .
47
Additionally, both K x values are very low in respect to that corresponding to the ionic strength effect (12.7 ± 2.9 mM), 29 strongly suggesting that the effects of ATP and Mg 2+ are a consequence of their specific effect on the enzyme.
Taking into account this analysis, enzyme inactivation experiments at several temperatures ( Figure 3 and 4) were performed in the presence of ligand concentrations at least 10 times fold the corresponding K X value. Due to that, the inactivation rate coefficients obtained can be assigned to the enzyme species with the ligand bound (k ieX in Scheme 2). In this sense, at 56 ºC Page 24 of 41
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It has already been demonstrated that Na + specific binding causes destabilization of the enzyme upon thermal inactivation, whereas K + has the opposite effect exerted by the occlusion of this cation into the enzyme. 29 Considering that binding of Na + and K + changes the equilibrium distribution between the enzyme conformations leading towards E 1 and E 2 respectively, 53 it was postulated that E 1 conformation is less stable that E 2 . 27-29 On the other hand, it is known that ATP and Mg 2+ bind non covalently to the enzyme preferentially to the E 1 conformation. 47 In this work we show that the presence of either ATP or Mg 2+ in the preincubation media stabilize the protein in the E1 conformation. A possible explanation for this apparent contradiction could be that the so-called E 1 conformation is not a unique state of the enzyme but a collection of states with some properties in common but other rather different. In the case of E2, comparison between the available atomic structures showed high degree of overall structural similarity despite potassium bound in the cation-binding sites.
18
In this way, Mg 2+ or ATP enzyme stabilization, in contrast with Na + effect, could be related to the cytoplasmic location of their binding sites, whereas Na + sites are located in the transmembrane region. Considering this, it is reasonable to hypothesize that cytoplasmic regions are more susceptible to thermal inactivation and become stabilized by ligand binding.
Furthermore, this conjecture is consistent with the idea that transmembrane domains are more stable. 54, 55 In apparent contradiction with this, K + binding to transmembrane sites on the Na + ,K + -ATPase exerts a protective effect against thermal inactivation. However, in this case ion binding produces a change in the whole structure of the enzyme, including the cytosolic domains. 9, 21 26 Transition state analysis indicated that those ligands that bind to cytosolic domains diminish the activation entropy and enthalpy while, conversely, the magnitude of these parameters increase when K + is bound to the transmembrane region (Table 1) . Also, ATP largely changes both entropic and enthalpic components suggesting a major reordering of the cytoplasmic domains in the transition state (∆∆H ‡ = -48 ± 8 kcal.mol -1 and ∆(T∆S ‡ )= -50 ± 8 kcal.mol -1 ). A possible explanation for the differences observed in the thermodynamic activation parameters among Mg 2+ and ATP is that the cation binds to P domain while the nucleotide promotes a more important structural rearrangement. Based on structural information from the sarco/endoplasmic reticulum Ca 2+ ATPase, it is possible to postulate that the A domain rotates towards the phosphorylation site, interacting with both the P and N domains, leading to a more compact structure. In this sense, the unfavorable entropic effect (∆(T∆S ‡ )) observed in the presence of ATP and in a small degree of Mg 2+ , could be associated to a decrease in the conformational entropy of the transition state.
Even though the presence of ATP or K + in the preincubation media showed a clear stabilizing effect on the Na + ,K + -ATPase (Figure 4) , it can be observed that the simultaneous presence of both ligands does not have a synergistic effect. On the contrary, addition of ATP to preincubation media containing low K + concentration produces an increment on the enzyme thermal inactivation rate.
Based on the empirical analysis accomplished in this work, and previous information on the interaction of the Na + ,K + -ATPase with both ATP and K + , 47 a minimal model to explain the observed behavior was proposed (Scheme 1). According to this, the destabilizing component of the process can be attributed to the enzyme state generated by the simultaneous binding of one molecule of K + and ATP. 23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Page 34 of 41
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